Abstract-Microgrids (MGs) have been recelvmg more and more attention, as it can environmentally and reliably integrate intermittent renewable energy sources (RES). Conventionally, an islanded MG is controlled and optimized in a hierarchical strategy, i.e., primary droop control, second automatic genera tion control (AGC), and tertiary economic dispatch (ED). ED has large time-scale while AGC has small time-scale. Thus the gap between ED and AGC may decrease the economic efficiency of a MG. In this paper, a distributed optimal automatic genera tion control (OAGC) algorithm is proposed to integrate the gap between ED and AGC, i.e., the MG can realize AGC and ED at the same time. In order to implement the OAGC algorithm, each DG is assigned with an agent and the agents only require the local measurements and communicate with its neighbors. The proposed OAGC algorithm is fully distributed, which involves low costs related to modify the architecture of a MG and robust against single point failure. Simulation results demonstrate the effectiveness of the proposed algorithm.
INTRODUCTION
Nowadays, in order to meet the increasing demands for electricity in a more environmental, economic, and reliable way, the microgrids (MGs) are presented as a cornerstone of smart grid. A MG is a micro power system consisting of a number of renewable energy sources (RES) (such as photo voltaic, fuel cells and wind-power), storage system, and local loads [I] . MGs can operate in island mode or grid-connected mode, which improves the reliability of power supply. In this paper, the optimal automatic generation control (OAGC) for the islanded MGs is investigated.
For an islanded MG, hierarchical control [2, 3] is widely used to achieve the control objectives of regulate the frequen cy and voltage, minimize the operation costs of the MG. In the primary control level, the droop control method is widely used [2, [4] [5] [6] [7] , as it can increase virtual inertia of inverter interfaced distributed generators (OGs) through mimicking the governor of a synchronous generator. While droop control provides an effective and distributed way to compensate the 978-1-5090-5417-6/16/ $ 31.00 ©2016 IEEE 13 imbalance between power supply and demand, it does so at the expense of frequency deviations.
In the secondary control level, the automatic generation control (AGC) [4, 8, 9 ] is responsible for frequency regula tion. In [9] , PI control method is applied to fulfill the function of AGe. However, the power dispatch among the OGs may be degraded as the initial value of the integrator may be dif ferent when the DGs are not connected to the MG at the same time. In [4], a multi-agent system (MAS) based adaptive droop control method was proposed to achieve the object of AGe. In summary, most of recently AGe algorithms only focus on improving the transient and steady-state perfor mance of the control algorithm [10, II] , however, few of them consider the economic efficiency of AGe.
In the tertiary control level, economic dispatch (ED) [12, 13] is responsible for minimize the total operation cost of the MG. In general, according to the predicted generation and load information, the ED algorithm can update the schedules every 5 min or longer [14] . As the prediction errors are al ways exist, the first level droop controller and the second level AGe controller may redistribute the active power among the DGs to balance the supplied and demanded active power in real time. This may lead to uneconomic operation of the OGs within the time interval of updating optimal active power reference.
As proposed in few studies [15, 16] , the gap between the small time-scale AGe algorithm and the large time-scale ED algorithm should be bridged to fulfill economic operation of the power grid. However all the proposed methods are specif ic to traditional synchronous generator based ac main grid. While, how to integrate AGe and ED together is less studied for an islanded MG which contains droop controlled inverter interfaced DGs.
In this paper, a fully distributed optimal automatic genera tion control (OAGC) algorithm is proposed. The proposed OAGe can seamlessly integrate the function of the AGe and ED together, which bridges the gap between AGe and ED and impels the MGs operate in the most economic conditions most of the time. For the proposed OAGe algorithm, each OG has an associated agent that can communicate with its neighboring agents. It is fully distributed, as each agent only requires the local measurements and communicates with its neighbors. Thus, the proposed OAGC algorithm offers a plug and play performance, which involves low costs related to modifY the architecture of a MG.
The rest of this paper is structured as follows. The concept of optimal automatic generation control is presented in Sec tion II. Section III presents distributed consensus based OAGC for an islanded MG. Section IV presents the simula tion results. Finally, the paper concludes in section V.
II. OPTIMAL AUTOMATIC GENERATION CONTROL
In islanded MGs, the active power-frequency (P vs.f ) droop controller is widely used to instantaneously balance generation with demand [17] [18] [19] [20] . The droop controller can add virtual inertia to the DGs [21] by mimicking the governor of a synchronous generator and thus inhibiting the circulating cur rents among DGs. Generally, the P vs.f droop curves can be defined as follows [4] I' = lui + mPi
where, i is the DG index, rtp , is the droop parameter, f" is the nominal frequency, Pi is the locally measured active power, P'efi is the reference of output active power (It is gen erated by the high level OAGC), f, ' is the frequency refer ence for the ith converter-based DG.
However, the droop controlled MGs have the drawback of steady-state frequency deviations. Thus, automatic generation control (AGC) [22] [23] [24] as the secondary control is responsible for frequency regulation, i.e. restore the frequency of the MG to its nominal value. However, with the traditional AGC con troller, the active power dispatch of the DGs are not always economic. In this section, a fully distributed OAGC algorithm is proposed, which can realize economic active dispatch and restore the frequency of the MG to its nominal value at the same time.
Without loss of generality, we assume that there are two droop controlled DGs (DG i and DG , ) in a MG, as shown in Fig. 1 . In island mode, the primary droop control will redis tribute the active power among all the droop controlled DGs when the loads fluctuate. This may lead to frequency devia tion and uneconomic operation of the DGs. Without loss of generality, P'<ji and P"g are assumed to be zero, frequency of the MG is j, ' and output active powers of DG, and DG , are Ii and P J ' respectively in the initial state, as shown in Fig. 1 . Assume the economic dispatches for DG, and DG , are P , ' and P j ' , respectively. If one wants to realize econom ic dispatch and AGC at the same time, it is simple to derive that P,':fl should be P , ' and should be P; according to (1) .
As shown by Fig. I , the two DGs will turned to economic operation and the frequency will restore to the nominal value at the same time, after properly moving the droop curves. Let us assume there are n droop controlled DGs in a MG.
The cost function for DG" i.e., Ci ( F, ) can be approximated with a quadratic function as follows [25] ( 2) where Ii is the real output active power of the ith DG, q, b, and c; are the cost coefficients of DG, .
Considering the constraints of lower and upper bounds of the generator capability, and the constraints of power balance, the optimal active power references for all the droop con trolled DGs can be updated by solving the following convex optimization problem.
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where p,mi" and P,"'"' are the lower and upper bounds of the generator capability, which are related to the design of the DG. Pd is the total active power demand for an islanded MG.
III. DISTRIBUTED CONSENSUS ALGORITHM BASED OAGC FOR ISLANDED MGs
For an islanded MG, the frequency of the MG will have steady-state deviation and the DGs in the MG will operate on a non-economic operation point after the primary droop con trolled DGs redistribute the active power among them to keep the power balance. In order to deal with this problem, a fully distributed consensus algorithm based OAGC algorithm is proposed in this section that can restore the frequency and realize economic dispatch at the same time.
The solution to the constraint optimization problem (3) that proposed in Section II, satisfies the following equation [13] .
where A " is the optimal incremental cost (4)
According to the distributed consensus algorithm [26], the optimal active power reference of the DGs can be calculated in a fully distributed way based on the updating rules as fol lows:
where 7J represents the learning gains, 1 is the incremental cost for the lth DG, Ej is the mismatch between present output active power reference and optimal reference value, N; repre sents the indices of DGs that communicate with ill" Wi} ( j E Ni ) is the weight associated with ill, and IXi,'
The function ¢, shown in (5) is of the following format
The weight associated with ill, and �, i.e. W i ,j shown in (5) can be set as follows:
where d, is the number of neighbors for the ith DG. In this paper, we define each DG belongs to its neighbors as it can obtain its own state information.
As proposed in [13] , the converging speed of algorithm (5) is in associate with 17. With a smaller learning gain 17, the convergence speed of algorithm (5) will be slower, while with a larger learning gain 17, the algorithm may become oscillatory. Thus, the value of 17 should be well defined to trade-off between the convergence and stability of algorithm (5).
The initialization method for the parameters of algorithm (5), such as ,1,,(0), e,(O) and Pee p (O) should also be properly designed. For the algorithm (5), with the parameter defined in (6) and (7), the summary for all the elements of e;(k)+P,ep(k) will be a constant value in each iteration and e,(k) will converge to zero [26] . It is reasonable to consider 15 the total load Pd in a MG is constant in a short time (less than 1 s). Considering all the above, we can derive that n n L I: = Pd = L lim �efi (k) . Thus, during island mode, the
algorithm (5) can be initialized with the following method, which is easy for fully distributed implementation as it only needs the local measurement parameters. (8) where If is the locally measured active power of the ith DG at the initialization moment of this algorithm
IV. SIMULATION AND RESULTS
An islanded MG which contains five droop controlled DGs is simulated by using Matlab/Simulink to evaluate the proposed OAGC algorithm. The parameters of the droop co efficients, the constraints of the DGs' capability, each DG's neighbors, and the cost function parameters are given in The proposed OAGC algorithm is first investigated with four different learning gain values, i.e. 17 = 1.2e-5 , 2.2e-5 , 3.2e-5 , 5.2e-5
• Then, a proper learning gain value is chosen according to the convergence speed of the proposed OAGC algorithm. Without loss of generality, � e f J (0) are assumed to be 108kW, all the other DGs' initial active power references are zero, ei (0), and A i (0) are also zero for all the DGs. The relation between the convergence speed of the proposed OAGC algorithm and the value of learning gain 17 is depicted in Fig. 2 . The incremental cost of DG 1 and the sum of e; (k) in each iteration is depicted in Fig. 2 (a) and Fig. 2 (b) , re spectively. As proposed in Section II, the sum of e, (k) should converge to zero and the incremental cost of each DG should converge to the optimal value (the base line in Fig. 2 ). As shown in Fig. 2 , with a smaller learning gain 17, the convergence of speed of algorithm (5) will be slower, while with a larger learning gain 17, the algorithm may become oscillatory. Thus, the value of 17 is set to be 3.2e-5 in order to trade off between the convergence and stability of algorithm (5). The OAGC algorithm is applied to a MG at t = 1 s, which compares the performance of the proposed OAGC algorithm before and after it was applied. During this test, the loads are assumed being constant. Before the proposed OAGC algo rithm was deployed, the loads are supplied by five droop con trolled DGs. Fig. 3 compares the performance of the MG be fore and after OAGC algorithm was applied. Before the OAGC algorithm was deployed, the total generation cost of the five droop controlled DGs was 6.99 $ /hr and the frequen cy of the MG is 49.58Hz. After the OAGC algorithm was deployed at t=l.Os, the optimal active power reference can be derived in a fully distributed way through the OAGC algo rithm and then assigned to the DGs. In the steady state, the total generation cost of the five DGs was decreased to 6.90 $/hr, and the frequency of the MG is restored to the nominal value i.e. 50Hz. As shown in Fig. 3 (c) , the incremental costs are equal for all the DGs after the OAGC algorithm was de ployed, which is the same as using other centralized algo rithms. In order to evaluate the performance of proposed OAGC algorithm, the load varies in this case study. The results of the performance evaluation for the proposed OAGC algorithm under variable loading conditions are shown in Fig. 4 . At t = 2 s, the total load is decreased to 73 kW from 110 kW. From Fig. 4 (b) , one can see that the output active power for DG 2 reaches the lower bounds of its generator capability during 2-3s. Thus, the increment cost for DG 2 is higher than the optimal value, which is the same as shown by (4). At t = 3 s , the total load restored to 110kW. After that, the total load increased to 132kW at t = 4 s . During 4-5s, both DG2 and DG 5 reached the upper bounds of their generator capa bilities and thus increment cost of them are lower. When the total load is 110 kW, none of five DGs out of their generator capabilities and thus the incremental costs are all equal to the optimal value. From this case study, one can find out the pro posed OAGC algorithm can work properly even in the varia ble loading conditions. v.
CONCLUSION
In this paper, the gap between large time-scale ED and small time-scale AGC for an islanded MG is bridged by the proposed OAGC algorithm, which integrates the AGC and ED together seamlessly. The proposed OAGC algorithm im pels the MGs operate in the most economic conditions most of the time. Furthermore, the proposed OAGC algorithm is fully distributed, which involves low costs related to modifY the architecture of a MG and offers a plug and play perfor mance. Simulation results demonstrate that the proposed method can decrease the operation cost and restore the fre quency of an islanded MG at the same time.
